Introduction
In the aftermath of the World Trade Center (WTC) terrorist attacks, over 100,000 people were exposed to respirable toxins resulting in numerous adverse health consequences. 1 The dust cloud that formed following the building collapse contained many known carcinogens 2 and exposure at the collapse site has been linked to an increase in overall cancer risk. 1, [3] [4] [5] However, observational studies have identified very few cases of head and neck cancer (HNC) in this population, 1, 3, 4 despite direct exposure of the aerodigestive mucosa and possible associations of inhaled toxins and HNC. Importantly, studies have assessed cancers that were diagnosed within 7-10 years of follow-up, despite a high likelihood of longer latency for solid tumor development. Furthermore, treatment outcomes have never been described in cancer patients with WTC exposure. Herein, we describe the oncologic characteristics and disease outcomes of WTC-exposed patients with HNC who have presented to our institution.
Methods
With institutional review board approval, we queried our institutional medical records for all patients diagnosed with HNC from January 1, 2002 to January 3, 2017 (excluding skin, melanoma, lymphoma, and thyroid cancers) who reported exposure at the WTC site on or after September 11, 2001 or involvement in the rescue/cleanup effort. WTC exposure was elicited from documentation in the electronic medical record (EMR) chart. Specifically, HNC patients whose EMR chart contained terms associated with the WTC ("WTC", "world trade center", "September 11", "ground zero", etc.) were individually reviewed to document the type of exposure that the patient experienced. In most cases, the nature of the exposure and the patient's role in the events of September 11 were clearly documented. 10 patients (12%) did not have sufficient details of exposure to be specifically classified and were listed as "exposure not otherwise specified". For patients with oropharyngeal carcinoma (OPC), human papillomavirus (HPV) positivity was defined by positivity of p16 immunohistochemistry and/or HPV in-situ hybridization. p16 IHC was considered positive when strong and diffuse nuclear and cytoplasmic staining was observed in 70% of tumor cells. 6 HPV-ISH was performed with a probe for HPV Types 16, 18, 31, 33, and 51; HPV-ISH positivity was defined as any positive staining. Cases were defined as HPV/ p16-with a negative p16 IHC or HPV-ISH. Cases were defined as HPV unknown if neither p16 IHC nor HPV-ISH information was available. Outcomes for patients with HPV1 OPC and WTC exposure (median follow-up 32.8 months) were compared with cohorts of HPV1 and HPV-OPC patients without WTC exposure (median follow-up 53.0 months) who were treated at our institution with definitive chemoradiation from 2002 to 2013. 7 The locoregional control (LRC, defined as freedom from recurrence at site of primary tumor and/or cervical lymph nodes), disease free survival (DFS, defined as survival without any recurrence or death), freedom from distant metastasis (FFDM, defined as any recurrence in an organ outside of the head and neck) and overall survival (OS) were estimated from the time of diagnosis using the Kaplan-Meier method and compared between groups with log-rank testing. Cox regression analysis was used for multivariate analysis. Statistical significance for all analyses was two-sided and used a 5% significance level (p < 0.05). Statistical analyses were performed with SPSS (SPSS version 24, IBM).
Results
Eighty-seven patients were identified with HNC diagnosed from 2002 to 2017 who reported WTC exposure ( Table 1) . The annual number and proportion of WTC-exposed HNC patients has been increasing since 2002 ( Figure 1a and 1b) ; the median time from September 11, 2001 to HNC diagnosis was 10.5 years. Among all HNC patients with WTCexposure, the median follow-up time was 42.1 months and 45.2 months in surviving patients. Among patients with HPV1 OPC, the median follow-up in the non-exposed group was 53.0 months while the median follow-up in the WTC-exposed group was 32.8 months.
Thirty-eight patients presented with HPV1 OPC, 37 of whom underwent definitive treatment at our center. WTCexposed patients with HPV1 OPC demonstrated inferior LRC and DFS compared with non-WTC exposed patients with HPV1 OPC (WTC-exposed: 48-month LRC 80.3%, DFS 65.6%; non-exposed: LRC 94.0%, DFS 80.1%, p 5 0.03 and 0.04, Figure 1c and 1d). After adjustment for age, smoking history (>10 pack-years), T-and N-category, the differences in LRC and DFS between these groups remained (hazard ratio 2.72 [95% CI 1.03-7.19, p 5 0.04] for LRC and 2.07 [95% CI 1.08-3.96, p 5 0.03] for DFS). Rates of FFDM and OS were similar in WTC-exposed and non-exposed HPV1 OPC patients (WTC-exposed: 48-month FFDM 83.2%, OS 83.3%; non-exposed: FFDM 86.4%, OS 89.3%, p 5 0.29 and 0.86). No significant differences in LRC or DFS were observed between HPV1 WTC-exposed OPC patients and HPV-non-exposed OPC patients (p 5 0.20 and 0.38).
We performed additional comparative analysis of outcomes between patients with HPV1 OPC who experienced occupational (n 5 25) versus non-occupational exposure (n 5 13). We found no significant difference in LRC (p 5 0.89) and a non-significant trend towards inferior DFS in patients with occupational exposure (p 5 0.21, Figure 2 ).
Discussion
In summary, the number of patients presenting to our institution with HNC following exposure at the WTC site has been increasing, with most cancers developing >10 years following September 11, 2001 . This may be due in part to aging of the population, increasing incidence of HPV-associated OPC, increased referral since establishment of the WTC health program, or reduction in cost of cancer care under new reimbursement policies for WTC associated illnesses. The limitations of this analysis include a lack of quantified exposure details, non-uniform treatment in the WTCexposed cohort, and inability to account for other occupational exposures. The single institution nature of the study is also significantly limiting as the population of patients that present to MSKCC may not be representative of the general population. As a tertiary care hospital, the severity of illness of patients at MSKCC may be distinct from patients who present to other centers. Nonetheless, our comparison of outcomes is performed on a group of patients who were similarly treated at our institution which may eliminate some confounding.
The follow-up of the WTC exposed patients in this cohort is significantly shorter than the follow-up of patients without exposure (32.8 vs. 53.0 months) which could potentially affect the outcomes comparisons. However, our analysis demonstrates inferior outcomes in the WTC-exposed cohort even with a shorter follow-up period. If any effect of bias were present due to shorter follow-up in the exposed cohort it would be expected to result in fewer events and non-inferior outcomes. Furthermore, for patients with HPV1 OPC, the vast majority of recurrence events occur within the first 24 months following treatment, 6 a time period that is well captured in this study.
What's new?
Exposure to the toxic dust clouds at the World Trade Center (WTC) site following the 2001 terrorist attacks has been associated with increased cancer risk. A connection between WTC exposure and head and neck cancer (HNC) has not been described, however. Here, the authors identified 87 HNC patients with WTC exposure and found a steady increase in the annual numbers of identified patients, with most being diagnosed after 2011. Oncologic outcomes of HNC patients with exposure to the WTC disaster and human papillomavirus (HPV)1 status seemed worse compared with unexposed controls with HPV1 status, suggesting exposure synergism with HPV-mediated oncogenesis. 
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The mechanism underlying our observation that outcomes are poorer among HPV1 patients with WTC exposure remains to be elucidated and presently remains unknown though there are a number of viable hypotheses. It has become well established that smoking confers a higher risk for development of HPV-associated cancers including cervical cancer and HPV1 HNC. 8, 9 Within HPV1 HNC, it is also noted that environmental exposures, such as cigarette Nearby resident/worker 3 3% 1 3%
Exposure not otherwise specified 10 12% 6 16%
Definitive treatment Surgical resection 2 5 %
Resection followed by adjuvant radiotherapy 3 8%
Definitive chemoradiation 29 76%
Induction chemotherapy followed by chemoradiation 3 8%
Treated at outside institution smoking, are associated with poorer outcomes following treatment. 6, 10 Furthermore, air pollutants other than cigarette smoke have also been linked to HPV-associated cervical dysplasia. 11 Although the specific compound or compounds within the WTC dust that may have resulted in an increased virulence of cancers in those exposed has not been identified, it is possible that WTC exposure results in worse outcomes analogously to how cigarette smoking is also associated with treatment resistance.
Analysis of the WTC dust did reveal a significantly elevated concentration of polycyclic aromatic hydrocarbons (PAHs) that arose from building material remnants, jet fuel from the airplanes and collapse of the WTC towers. 2 PAHs have been linked to causation of multiple cancer types and through their ability to form DNA damaging adducts, they have been directly associated with mutations in the TP53 gene 12 which are known to confer resistance to therapy and are enriched in HPV1 recurrent/metastatic cases. 13 In this way, DNA damage and mutagenesis conferred by inhaled toxins may synergize with HPVmediated inhibition of apoptosis and cell cycle disruption to result in formation of particularly aggressive cancers. PAHs have also been found to increased viral load of HPV and are implicated in carcinogenesis of other virally mediated cancers. 14, 15 It will be important to characterize the mutational profile of the tumors in this cohort, as well as other WTC cancer tissue banks, to identify genetic and genomic causes of treatment resistance. While we do not know whether PAHs or another substance are responsible for the possible increase in cancer risk and poorer outcomes that are observed, there are many plausible cooperative mechanisms between toxic environmental exposures and HPV-mediated carcinogenesis that may result in resistance to therapy.
As an additional possibility, the toxic substances found in WTC dust may have adversely affected the immune systems of those exposed. While most adults will experience HPV infection at some point, only a minority will go on to harbor chronic infection and a further minority will develop HNC. In this way, immunity plays a critical role in the development of HPV-associated cancers in particular. It has recently also become evident that WTC exposure is associated with autoimmune disease and possible immune dysregulation. 16 As a result, it is possible that systemic immune effects of WTC exposure may synergize with HPV mediated carcinogenesis. Additionally, altered immunity and rheumatological disease have been linked to an inferior response to chemoradiation therapy for HPV1 OPC. 17 This study cannot estimate true incidence or establish definitive evidence of exposure-mediated causation; however, higher recurrence rates in the WTC-exposed HPV1 OPC population suggest a potentially more aggressive biology. The limited number of patients did not provide sufficient power to detect differences in outcomes between patients with occupational versus non-occupational exposures though a nonstatistically significant trend towards inferior DFS was observed among patients with occupational exposure and HPV1 disease. It will be critical to reevaluate these findings with a larger multi-institutional analysis and more granular details of individual patient exposure. Further studies of toxicology associated with WTC dust, genomic characterization and epidemiological studies with follow-up extending >10 years are needed to better characterize this unique and growing population. 
